The major breakthroughs in the understanding of topological materials over the past decade were all triggered by the discovery of the Z 2 topological insulator (TI). In three dimensions (3D), the TI is classified as either "strong" or "weak" [1, 2], and experimental confirmations of the strong topological insulator (STI) rapidly followed the theoretical predictions [3][4][5]. In contrast, the weak topological insulator has so far eluded experimental verification, since the topological surface states emerge only on particular side surfaces which are typically undetectable in real 3D crystals [6][7][8][9][10]. Here we provide experimental evidence for the WTI state in a bismuth iodide, β-Bi4I4. Significantly, the crystal has naturally cleavable top and side planes both stacked via van-der-Waals forces, which have long been desirable for the experimental realization of the WTI state [11, 12]. As a definitive signature of it, we find quasi-1D Dirac TSS at the side-surface (100) while the top-surface (001) is topologically dark. Furthermore, a crystal transition from the β-to α-phase drives a topological phase transition from a nontrivial WTI to the trivial insulator around room temperature. This topological phase, viewed as quantum spin Hall (QSH) insulators stacked threedimensionally [13, 14], and excellent functionality with on/off switching will lay a foundation for new technology benefiting from highly directional spin-currents with large density protected against backscattering.
ture without spin-orbit coupling (SOC) has small gaps (E G ) at the L and M points between the conduction and valence bands with opposite parities derived from Bi 6p orbitals (Fig. 1f) .
Inclusion of SOC induces parity inversions leading to different topological phases. The Z 2 topological invariants (ν 0 :ν 1 ν 2 ν 3 ) are obtained with the method of Fu and Kane [2], accounting for the band inversions at time-reversal invariant momenta (TRIMs) in 3D Brillouin zone (BZ) (Fig. 1e) . We note, however, that the Z 2 invariants cannot be conclusively determined only by the DFT calculations, since β-Bi 4 I 4 is in proximity of three different phases [11, 12] : a STI (1;110), a WTI (0;001), or even a trivial phase (0;000), sensitively depending on correction of E G (Fig. 1g) . Experimental determination is therefore required through the direct observation of relevant TSS. In contrast to the uncertainty in β-Bi 4 I 4 , α-Bi 4 I 4 is constrained to being trivial regardless of gap size, since its crystal structure with double blocks ensures even-numbered parity inversions at every TRIM (Supplementary information); however this too should be confirmed by experiments.
The STI state manifests with TSS at all of the surfaces (Figs. 1j and 1k), as has been shown in a number of Bi-based chalcogenides [16] [17] [18] . In contrast, TSS should emerge only on particular surfaces in the WTI state [1, 2], which are topologically protected [19] [20] [21] .
The DFT calculations for the WTI state in β-Bi 4 I 4 predict that the top-surface (001) is topologically dark with an absence of TSS (Supplementary information), and instead the quasi-1D Dirac topological SS emerges at the side-surface (100) (Fig. 1i) [22] . This material state is thus regarded as the 3D stacking of 2D QSH states as schematically shown in Fig. 1h . Notably, the quasi-1D Dirac-state exhibits a characteristic spin texture in k-space, which differs from the helical spin texture of the 2D Dirac TSS in the STIs (Fig. 1k) : the spin direction is locked almost parallel along the quasi-1D Fermi surface (FS) and antiparallel between ±k z (Supplementary information). This spin-texture most likely prohibits the electron-backscattering, thus generating robust spin-current, similar to the edge state in a 2D-QSH insulator [13, 14] .
In contrast to the 2D Dirac TSS of the STI state with a large gap opened at theZ point (Figs. 1n and 1o), the quasi-1D Dirac TSS for the side-plane (100) of WTI features gapless states not only atΓ but also atZ (Figs. 1l and 1m ). This clear difference could definitively distinguish the WTI state from the STI state by experiments. Therefore we conclude that systematic investigations of not only the top-surface (001) [12] but also the side-surface (100) are the only way to unambiguously identify the topological nature of this material.
Using surface-sensitive techniques, we demonstrate that the quasi-1D crystal naturally exposes the (001) and (100) planes by cleaving the ab-plane, which is largest in the grown crystals (Fig. 2a) . The top-surface (001) is seen as terraces in images taken by scanning electron microscope and laser-microscope (Figs. 2b and 2c, respectively). A number of facets oriented along the 1D-chain direction can instead be assigned as the side-surface (100). This has been indeed confirmed by grazing-incidence small angle X-ray scattering (GISAXS) measurement of the cleaved surface as shown in Fig. 2d ; we find two strong X-ray reflections coming from the terraces and facets. The angle between the two streaks is estimated to be ∼72
• , which is consistent with the angle between the (001) and (100) planes of β-Bi 4 I 4 (Fig. 1b) determined by powder X-ray diffraction measurements [15] . Bi 4 I 4 with an experimentally accessible side-surface should be discriminated from the other candidate materials for WTI, which do not have such a surface though essential to determine the novel topological phase. This compound therefore provides a long desired platform to experimentally realize and investigate a WTI.
To determine the electronic structures of both α-Bi 4 I 4 and β-Bi 4 I 4 , we have performed laser-ARPES measurement with high energy and momentum resolutions. The two crystallographic phases were selectively obtained by the quench method (Methods). The ARPES signals from the (001) and (100) planes are accumulated all together in the experiments, since the incident laser light with ∼50 µm in spot size illuminates both the terraces and facets exposed on the cleaved surface (Figs. 2b,c and 3a). The mapping of photoelectron intensities at the Fermi energy (E F ) exhibits clearly different FS structures for the two materials (Figs. 3b and 3c): a quasi-1D like shape is obtained in β-phase, whereas the island-like intensities are detected only aroundM in BZ of the (001) plane for the α-phase.
In α-Bi 4 I 4 , we observe trivial band structures as expected by the theoretical calculations.
Figures 3d-g display the ARPES band maps in the α-phase at different emission angles (θ) with respect to the normal of the top-surface (001) (Fig. 3a) . The valence band shows a strong energy dispersion along k x , which varies with θ-rotation (Figs. 3d-g ). The top of the valence band is found at θ=36
• , which corresponds to theM point in BZ for the (001) plane (Fig. 3b) . The conduction band is slightly occupied in the data mostly due to the surface band bending, which generates island-like intensities in FS mapping (Fig. 3b) . No in-gap Dirac-state is observed at theΓ (Fig. 3d) andM points (Fig. 3g) , indicating trivial band topology.
In contrast to the case of α-phase, we find a Dirac-cone like energy dispersion near E F in the β-phase (Figs. 3h-m) . This band has a quasi 1D character as already seen in Fig. 3c , and it is only weakly dispersive in energy along k x (or with θ-variation Our arguments is however still left with an ambiguity that needs to be resolved before finalizing the conclusion. So far, the band structures for the key (100) plane have been contaminated by signatures from the (001) plane in the data measured by laser-ARPES.
The spot size of incident laser-beam (∼50 µm) was much larger than the step height of the facets (typically ∼2 µm; see Fig 2) , which has prevented us from detecting the pure signatures only from the (100) plane. To address this issue and exclusively examine the WTI surface, we have utilized a surface-selective ARPES, so-called nano-ARPES, equipped with a zone plate to focus the photon beam to a spot less than 1 µm in size, and selectively observed only the (100) plane without any contamination. All of these results therefore show a good agreement with our conclusion about the WTI state in β-Bi 4 I 4 reached through the measurements with a laser-ARPES. 
Methods Samples.
Single crystals of Bi 4 I 4 were grown by the chemical vapour transport (CVT) method, similar to the Ref. [26] . Bi and HgI 2 at a molar ratio of 1 : 1 were sealed into a quartz tube under vacuum. The quartz tube was placed into a home-built transparent two-heating-zone furnace, which was described in Ref. [27] . By real-time observation, the growth temperatures were optimized to be 285
• C at the source zone and 188
• C at the nucleation zone, respectively. After 72 hours of the growth, crystals in the shape of rectangular sheets with typical dimensions ∼2.0×0.5×0.03 mm 3 were successfully obtained. The single-crystal Xray diffraction measurement indicated the middle, the longest, and the shortest edges were along a, b, and c axes, respectively.
We found that the α-phase (β-phase) was thermodynamically stable below (above) 300
K. These two phases were distinguishable by the X-ray diffraction patterns from the abplane of the single crystals (Supplementary information); only the α-phase showed a peak (i.e. 005-diffraction) at 22 deg. By a rapid quenching from 400 K to the liquid nitrogen temperature (77 K), the structural transition from the β-phase to the α-phase was found to be suppressed, thereby it was possible to characterize the β-phase at low temperatures by resistivity and ARPES measurements.
Transport measurements.
Applying the appropriate temperature cycle, the electrical resistivity along the b-axis of both the α-and β-phases was measured by a standard four probe technique in the same crystal with the same electrical contacts 
DFT calculations.
Within the DFT framework, first-principles electronic-states calculations were performed using the full-potential linearized augmented plane-wave method as implemented in the WIEN2k code [28] . In-addition to the generalized gradient approximation of Perdew, Burke and Ernzerhof (GGA-PBE) of exchange-correlation functional [29] , the modified BeckeJohnson exchange potential (mBJ) [30] with manual adjustment of two parameters was used to see the effect of the gap size correction as presented in Figs. 1f and 1g . Spin-orbit coupling (SOC) was included as a second variational step with a basis of scalar-relativistic eigenfunctions. The experimentally determined lattice constants were used for all the calculations. The plane-wave cutoff energy was set to R M T K max = 7, where the muffin tin radii were R M T = 2.5 a.u. for both Bi and I. The Brillouin zone was sampled with the Monkhorst-Pack scheme [31] with momentum grids finer than ∆k = 0.012Å −1 (i.e. 20 x 8 x 20 k-point mesh for β-Bi 4 I 4 ). From the calculated band structures, we extracted the Wannier functions of the Bi-and I-p orbitals using the Wien2wannier [32] and Wannier90 [33] codes.
The semi-infinite-slab tight-binding models constructed from these Wannier functions were used for calculating the surface spectra in the way described in Ref. [34] .
GISAXS experiments
GISAXS experiments were performed at beamline 18B of the Photon Factory at KEK. The X-ray energy was 10.8 keV, and the slit-cut beam size was 0.1×0.1 mm. The glancing angle of the X-rays was 0.1 • with respect to the β-Bi 4 I 4 (001) plane as shown in Fig. 2c .
The scattered X-rays were detected with a PILATUS 1M located The angle resolution was 0.2 • and the overall energy resolutions were better than 60 meV.
Note that the new type of photoelectron analyzer is equipped with a electron deflector system, which gives a capability to perform Fermi surface map without the sample rotation.
This was greatly advantageous for our experiments as it allows the measurement of quasi-1D band dispersions from a single domain, and thus to separately identify the (001) and (100) signals.
Standard-ARPES measurement with synchrotron radiation was performed at HR-ARPES branch of the beamline I05 of the Diamond Light Source equipped with a Scienta R4000
analyzer. The sample temperature was about 10 K. The angular resolution was 0.2 • and the overall energy resolution was better than 20 meV.
Fermi surface mapping with laser-ARPES
In Figs. 3b and 3c , we present the Fermi surface mapping on (001) and (100) surfaces scanned by low-energy laser-ARPES. To obtain these results, we collected the photoelectron intensities at different angles (θ) with respect to the normal to the top-surface (001) as shown in Fig. 3a . In this geometry, our ARPES image can cut along the high-symmetry line cross theΓ point of the (001) surface BZ at θ=0
• and the distinctΓ point of the (100) surface BZ at θ=72
• , respectively. To calculate the relation of the momentum information on the (100) surface BZ and the θ, we use the work function for the (001) surface estimated by the FS mapping as shown in Fig. 3c .
The bulk band structures and the band topology in α-Bi 4 I 4 .
In Fig. 1f and 1g , we theoretically investigate the bulk band dispersions and the band topology with different E G corrections. We present the theoretical bulk band structures of α-phase in Supplementary information. In contrast to the β-phase, we observe the splitting in both the conduction and valence bands (Supplementary information). This splitting is explained by "bilayer-splittings" due to the conventional unit of the α-phase, which consists of the two Bi 4 I 4 blocks along the c-axis (see Figs. 1a and 1b) . In accordance with the theory, we observe the bilayer splitting in the α-phase but it is absent in the β-phase (Supplementary information). As an important consequence of the bilayer splitting, the number of parity inversions is always restricted to be even at each TRIM. Therefore, the α-phase should be a trivial insulator.
ARPES measurement with synchrotron radiation for an observation of the quasi-1D state in β-Bi 4 I 4 .
The quasi-1D surface-state at the side-surface (100) of β-Bi 4 I 4 is clearly observed by highresolution ARPES (Fig. 3z) , despite the top-surface (001) being predominant on the cleaved surface. This comes from the facts that the incident light also illuminates the side-surface (100) which appeared as the facet (Fig. 2) . To validate this conclusion, we further per- In the FS maps in Supplementary information, we observe similar FS structures for α-and β-Bi 4 I 4 : small electron pockets appear atM point of the (001) surface BZ. The overall periodicity seen in the observed dispersions along k y confirms the cleaved (001) surface.
However, we see the weak but clear signals of the quasi-1D state only in the β-phase, which should come from the side-surface. This is demonstrated in Supplementary information.
Apparently, in contrast to the α-phase, the data for β-phase presents steep dispersion seen in the bulk band gap even at θ=0
• which corresponds toΓ of the (001) surface. These signals are considered to arise from the quasi-1D surface states of the (100) surface, which shows good agreement with the results for high-resolution laser-ARPES. The chain direction of the sample (b axis) was aligned parallel with the incident X-ray. 
